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THE EEBFOBMANCS OF A COMPCBITE ENGINlE ‘CONSISTING OF 
A RECIPROCATING SPARK-IGNITION ENGINE, A BLCS^DOWN ' 
TURBINE, AND A STBADY-FLON TURBINE 
By L. Richard Turner, and Robert N. Noyes 


• SUMMARY 

An analysis Is presented of the performance of a composite 
engine consisting of a reciprocating spark-ignltlon engine, two 
superchargers, a blowdown turbine, and a steady -flow turbine. The 
performance of composite engines with geared-in tufbines and of 
composite engines using auxiliary propellers to" absorb the excess 
power of the steady-flow turbines was analyzed In order to deter- 
mine the suitability and cost of design compromises when the size 
of ‘turbines and superchargers " and all gear ratios are assumed 
fixed. 

The analysis indicated the possibility of attaining at an 
altitude of 30,000 feet the mlnimtmi brake specific fuel consumption 
of the order of 0.336 pound per horsepower -hour with turbines and 
superchargers operating at an assulned maximum efficiency of 
70 percent. 


INTRODUCTION 

The composite engine, consisting of a reciprocatirig engine as 
the primary stage with one or more gas turbines to act as additional 
stages of expansion, is currently being considered, for use in the 
propulsion of long-range aircraft. Several aimlyses have been made 
of composite -engine systems using a single steady -flow turbine. 

(See, for example, references 1 and 2.) 

The blowdown turbine, which uses exhaust gas discharged inter- 
mittently- from separate cylinders of the primary engine (described 
in reference 3), can remove energy from the exhaust gas without 
imposing any additional back pressure on the engine. In addition, 
the blowdown turbine recovers power from the kinetic energy of the 
gas in the exhaust ports and stacks that is ordinarily wasted in the 
exhaust collector when the exhaust gases are used to drive a steady- 
flow turbine. The output of a blowdown turbine- increases less 


rapidly, however, than that of a steady -flow turbine as the turbine - 
discharge pressure Is decreased. For most cases, more power may be 
recovered from the exhaust gas by using a blowdown turbine and a 
steady -flow turbine in series than by using either turbine separately. 

This analysis presents the calculated performance for various 
flight conditions of the following three composite -engine systems, 
each of which includes a spark-ignition engine, a blowdown turbine, 
a steady-flow turbine, two superchargers, and a 50 -percent effective 
intercooler . 

(a) Variable -component system: For every point of the calcula- 

tion, the size and rotative speed of the components are assumed to 
be correct for operation at maximum efficiency at that point. Each 
turbine directly drives a supercharger and any excess power from 
the turbines is delivered to the engine through gear trains, and 
conversely, any deficiency in turbine power required by the super- 
chargers is provided by the engine. 

(b) Fixed -component system; Turbines and superchargers of 
fixed size are connected to the engine with fixed gears. In such 
a system the speed of the components will necessarily depend on 
engine speed, and losses in the efficiency of the turbines and losses 
due to throttling the auxiliary supercharger will occur. 

(c) Auxiliary -propeller system: This system is the same as 

the fixed -component system except that steady -flow -turbine power 

in excess of that required by the auxiliary supercharger is absorbed 
by an auxiliary propeller. In such a system, it is unnecessary to 
throttle the auxiliary supercharger. 

The variable -component system represents the best performance 
attainable with the assumed component efficiencies and therefore 
serves as a basis of evaluating the performance of- the more real- 
istic fixed -component and auxiliary -props Her systems. 

The performance of the variable -component system is compared 
with the performance of systems composed of the same reciprocating 
engine using only a geared steady -flow turbine and the same engine 
with individual cylinder Jet stacks used for Jet propulsion. In 
evaluating performance, no consideration was given to the difference 
in weight of the various systems being compared. 


PEOGEDUEE 


In this analysis, the net power of a composite -engine system 
is defined as the sum of the indicated engine power and the power 
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developed "by the turbines and jet propulsion less the power consumed 
by engine friction, supercharging, and drag of picking up the inlet 
. charge air. 

The indicated engine power as determined from an eiagine cali- 
bration is here defined as the sian of the brake power, the power 
absorbed by the' supercharger, and the engine friction power meas- 
ured or calculated for equal intake and exhaust pressure. The 
engine friction power is therefore a function of engine speed. ■ ‘ 

The specific air consumiptlon was calculated from test volumet- 
ric efficiencies of a reciprocating engine and the calculated net 
power of the composite engine, Q^e specific fuel consumption is the 
product of the specific air consumption and the fuel-air ratio. The 
computation of specific fuel consumption was made for a fuel-air 
ratio of 0.067 for all conditions. In the interpretation of the 
results of the analysis, it must be remembered that the specific 
fuel consumption will be increased in proportion to the fuel-air 
ratio for those conditions that require enriching because of knock 
limitations of the fuel. 

When the computations .for the analysis were started, the only 
available engine data pipplicable to the analysis were from tests of 
a single cylinder of a current high-performance nineroylinder air- 
craft engine having a displacement of 1820 cubic inches and a nomi- 
nal valve overlap of 40°. These- test data were for an engine speed 
of 1700 rpm and a fuel-air ratio of 0.10. Calculation of the per- 
foimance of the composite engine was made using this engine data, 
assum in g that the power and air flow of an engine for a fuel-air 
ratio of 0,10 was equal to that obtained for a fuel-air ratio 
of 0,067. 

Subsequently, suitable multioylinder-engine data became avail- 
able as a result of tests of a current 18-cyiinder aircraft engine 
having a displacement of 2800 cubic inches and a nominal valve over- 
lap of 40° , These data were taken at an engine speed of 2000 rpm, 
an intake -manifold pressure of 30 inches of mercury absolute, and a 
fuel -air ratio of 0.069. As a check on the validity of the use of 
the single -cylinder data to compute the performance of full-scale 
composite engine^, the performance of the composite engine was cal- 
culated for an engine speed of 2100 rpm and an intake -manifold ‘ pres- 
sure of 35 inches of mercury absolute by extrapolating the available 
multicylinder-engine data. 

The details of calculating the performance of the coirgKDsite 
engi n e are given in appendix A.‘ 
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DISCUSSION ' ■ 

■Variable -Component System 

The variable -component system consists of the following compon- 
ents: £i conventional four -stroke -cycle spark-ignition engine, blow- 

■down ancl steady-flow turbines, a tall pipe designed for Jet propul- 
sion, and two Independent stages of supercharging. A diagram of 
this arrangement is shown in figure 1. The auxiliary-stage superb- 
charger 1s connected to the shaft of the steady-flow turbine and 
the engine -stage supercharger is connected to the shaft of the blow- 
down turbine. Each combination of turbine and supercharger' is so 
geared to the engine throi:igh separate gear trains that- any excess 
or deficit in power may be delivered to or made up by the engine. 

The exhaust gas flows from the individual engine cylinders to the 
blowdow;c turbine, then through the steady-flow turbine, and is dis- 
charged through the Jet -propulsion nozzle. 

The basic reciprocating engine of the composite engines dis- 
cussed is assumed to be an 18-oyllnder engine having a bore of 

inches and a stroke of 6 inches. The displacement volume of such 
an engine would be approximately 2800 cubic inches. 

Nozzle area for blowdown turbine. - In the calculation of the 
performance of the blowdown turbine, the kinetic energy associated 
with the exit velocity from the blowdown turbine was assumed to be 
dissipated and not conserved for use by the steady -flow turbine; 
the total pressure at the Inlet to the steady -flow turbine ■was 
assumed to be equal to the static pressure at the outlet of tiie blow- 
down turbine. 

■ V . I . 

Tile beat area for the nozzles of the blowdo'wn turbine can be 
chosen for any ratio of blowdown-turbine static discharge press'ure 
to Intake -manifold pressure without determining the performance of 
the entire composite engine. As the area of a nozzle at the end of 
an individual exhaust s'back is reduced, the mean exhaust^^gas Jet 
velocity Tg developed at the nozzles of— the blowdown turbine 

liiSSBaiies, The engine power at first reinalns constant and then 
decreases with no change in air weight flow. Finally the air weight 
flow deoreasedi. The ratio v^n/A has been shown by reference 4 

to be the controllii:g parameter in this process, where v^ is the 

displacement volume of the eiogine, n is the eiagine speed, and A 
is the exhaust -stack-nozzle area. 
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The change in net power of the engine and blowdown turbine 
AP is given by the equation 





where' 


volumettio efficiency of engine 

T]^ Q volumetrlo efficiency of engine with stub stacks having no 
^ restriction 

change in due to stack restriction (assumed zero) 

f fnell-aiar ratia. 

Pjjj intakewnahifold absolute static pressure^ (Ib/sq ft) 

g acceleration of gravity, 32.2 (ft)/(sec^) 

E gas constant for air, 53.35 (ft-lb)/(lb) (P f) 

TL standard total intake -manifold temperature, 540 (°E) 
s 

total intake -manifold temperature, (°E) 
ifjj mean blowdown -turbine efficiency 

A?( change, due to stack restriction, in the ratio of indicated 
mean effective piressure of engine to intake -manifold 
pressure 

All the symbols used are defined where first used and, for 
convenience, are also recapitulated in appendix B. 


Equation (l) may be simplified by expressing the change in 
power in the nondimensional form 


(Tv,o + 


mi 

(1 + f ) Ve^ % 

ml 

•‘■m 

2g E T^ 

_ — 


+ l4 


( 2 ) 
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where 



Pm 

2 


Figure 2 shows A$ as a function of the ratio v^n/A-jj for var- 
ious values of the ratio of hlowdown-turhine static discharge pres- 
sure to intake -manifold pressure, where A-^ is the hlowdown-turhine 
nozzle area. The variation of the Intake -manifold temperature T^ 
with engine speed was neglected and Tj^ was assumed equal to the 
standard temperature Tg. 

In ah installation of fixed nozzle area, the ratio Vjjn/Aij 
increas'ss in proportion to engine speed. If it is tentatively- 
assumed that desirable operation of the composite engine will ho 
obtained in the range of ratios of hj-owdown -turbine static discharge 
pressure to intake -manifold pressure between 0.6 and 1.0, oreration 
at nearly maximum AiJ> will be obtained if a value for v^h/A-b of 
200 feet per second is chosen for a cruising engine speed of 2100 
rpm. For current air-cooled engines, rated-power and emergency 
speeds are about 15 and 30 peroQn-^; higher, respectively, than 
cruising speed; that is, 2415 and 2750 rpm. On this basis, the values 
of v^n/A-h for rated and emergency speeds become 230 and 260 feet 
per second, respectively. Over -bhe range of v^n/A'jj from 200 to 
260 feet per second, figure 2 indicates -that at any ratio of blowdown- 
turbine static discharge pressure to intake -manifold pressure between 
0.6 and 1.0, the value of A«J> is nearly constant at i-bs maximum 
value. For this particular case, the effective blowdown -turbine 
nozzle area A^ is 40.8 square inches. This effective area is equal 
to the physical area only when each engine cylinder discharges 
through a separate group of nozzles in -the nozzle diaphragm. 

The effect of exhaust-stack restriction on cylinder-liead tem- 
perature for cons-bant cooling conditions is shown in figure 3. These 
results, which are similar to results obtained at o-bher engine oper- 
ating conditions, were obtained from "bhe single -cylinder data. For 
a -value of v^n/A of 260 feet per second, which corresponds to the 
assumed emergency engine speed, cylinder-head temperatures are approx- 
ima-faely 10° F higher than with no stack restriction where v^n/A 
values range from approximately .100 to 120 feet per second for the 
same engine speed. These results indicate -bhat the reduction of 
exhaust-stack -nozzle area will cause only a small increase in cylinder 
head -temperature. 
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Performance of Tarlatile -component eyeteia. - T3ae results of the 
analysis for the yariahle -component system based on single -cylinder 
data are presented for the following four altitudes: sea level, 

15,000, 30,000, and 45,000 feet. Computations were made for engine 
speeds of 2].00, 2415, and 2730 rpm and for three or four intake - 
manifold pressures. The net brake mean effective pressure and net 
brake specific fuel consumption are plotted in figure 4 against the 
ratio of total pressure at inlet of steady -flow turbine to intake - 
manifold pressure p^/p^. These results were obtained using tur- 
bine and supercharger effiolenoles of 70 percent and gear efficien- 
cies of 85 percent.. The results obtained by using multicylinder- 
engine data and the same values of turbine, supercharger, and gear 
efficiencies are also shown in figure 4 for an engine speed of 2100 
rpm and an intake -manifold preaswe of 35 inches of mercury absolute. 
These results arefor a fuel-air ratio of 0,067, which is a repre- 
sentative fuel-air ratio for an engine running at cruise conditions. 
For higher power outpiit, the plotted specific fuel consumptions 
•57ould be increased Jn proportion to any increase in the fuel-air 
ratio. 


Some significant features of the performanoo of the variable- 
component system baaed on a ingle -cylinder data in the computation 
of the performance of the reciprocating engine with turbine and 
supercharger efficiencies of 70 percent, gear efficiencies of 
85 percent, a fuel-air ratio of 0.067, and an altitude of 30,000 feet 
are shown in the following table; 


intake- 

manifold 

pressiure 

Pm 

(in. Eg 
absolute) 

Engine 

speed 

¥. 

(rpm) 

(bsf o)m1p 
(ib/hp-hr) 

(pb/?m^ o 
(1) 

(bmop)o 
(3.b/sq in.) 
(2) 

55 

2100 

0.348 

■ 0.93 

199 


2730 

,363 

.90 

188 ■ 

50 

2100 1 

0.336 

0.94 

283 

‘ 

2730 1 

.346 

.92 

271 


“The ratio ^i^/pia^o denotes the ratio of blowdown- turbine 

ea:haust pressure to intake-monifol.'? pr.essure for which the 
brake specific fuel cons'.uaption is a minimum. 

^Tlie expression (bmep)^ denotes the brake mean effective pres- 
sure that corresponds to minimum brake specific fuel 
consumption. 
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For low P^/Pjjj ratios, the specific fuel consumption, as cal- 
culated from the multicylinder' data, is slightly higher and the power 
slightly lower than tlmt o'btalne'i when calculated from the single - 
cylinder data. -For high ratios of opposite is true. 

For a ratio of Pi/Pjj^ near unity, the results obtained from either 
multicylinder data or - single-cylinder data are in’ close a.greement. 

The values of net-brake mean effective pressure and net brake 
specific fuel consumption -for _ the variable -component system computed 
using single -cylinder data, a blowdown-turbine efficiency of 70 per- 
cent, steady-flow turbine and supercharger efficiencies of 85 per- 
cent, and gear effioienoies of 95 percent are shown in figure 5. 

For these efficiencies, the analysis indicated that a minimum brake 
specific -fuel consumption of 0.303 pound per horse power-hpur could 
be obtained at an altitude of 30,000 feet, an engine speed of 2100 
rpaa, an intake-manifold -pressure of 50 inches of mercury absolute, 
and a fuel-air ratio of 0.067 (fig. 5(c)). A comparison of figure 5 
with figure 4 shows that the regions in which maximum power and 
minimum fuel consumption occur are located at slightly higher values 
of P^/Pjj^ ^*01^ ■til® higher steady -flow turbine, supercharger, and 
gear efficiencies in figure 5. Begardless of which set of component 
affioiencios'ai'e used -for the computation, maximum power and min- 
imum fuel consumption occur approximately in the p^/% range from 
0.5 to 0.7 and 0.35 to 1.1, respectively. 

The distribution of power between the various auxiliary units 
that makes up the variable -component system is shown in figure 6. 

These powers were e-valuated at a- P^/Pj^ ratio of 1.0 for turbine 

and supercharger efficiencies of 70 percent. The engine conditions 
for this distribution are an Intake -manifold pressure of 35 inches 
of mercury absolute and an engine speed of 2100 rpm. Single -cylinder 
data were used for computing the air flow and the power of the recip- 
rocating engine. The corresponding net brake mean effective pres- 
sure for the variable -component system can be obtained from figure 4, 
The results obtained for other engine conditions are similar to 
those shown. For ratios of P^/p^ near unity, the powers of the 
blo-wdown turbine and the steady-flow turbine always exceed those 
required for the engine -stage and auxiliary-stage .superchargers, 
respectively. 

ConipariBon of variable -com ponent system with other types of 
composite engine. - For con^jarison with the variable -component — • 
system, the performance of a suiJeroharged engine with a geaxed-in 
steady -flow turbine and a Jet -propulsion nozzle and of a super- 
charged engine with individual cylinder Jet stacks having optimum 
stack discharge area to be used for Jet propulsion was computed. 
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The results of analysis of these two systems were calculated using 
single -cylinder data, turbine and supercharger efficiencies of 
70 percent, gear effioiendies of 85 percent, an intake -manifold 
pressure of 35 inches of mercury absolute, andeiagine speed of 
2100 rpm, a fuel-air ratio of 0.067, an altitude of 30,000 feet, 
and an airplane velocity of 375 miles per hour. The results are 
presented in the following table; 



(Ib/hp-hr) 

(P^/P_)_ 
D mo 

(bmep)^ 
(Ib/sq in.) 

Geared-in 

steady-flow 

turbine 

0.382 

1.01 

175 

Individual 
cylinder 
jet stacks 

0.429 


182 

Variable- component 
system including 
blowdown and steady- 
flow turbines 

0.348 

0.93 

199’ 


The variable -component system not only has the lowest net specific 
fuel consumption but also has the greatest power output. 

For direct comparison with the system described in reference 2, 
•©■hich consists of an engine and a steady-flow turbine (similar to 
the geared-in steady-flow turbine system used in the preceeding com- 
parison), the variable -component system with blowdown and steady-flow- 
turbines was analyzed for an engine speed of 2000 rim, an intake - 
manifold pressxire of 40 inches of mercury absolute, and a fuel-a±r 
ratio of 0,063; the multi cylinder -engine data for this analysis were 
obtained from tablo II of reference 2. The net brake specific fuel 
consumptions for these two systems are shown in figure 7 as a func- 
tion of P^/Pju_ various altitudes, A blowdown-turbine efficiency 
of 70 percent, steady -flow-turbine and supercharger efficiencies of 
85 percent, and gear efficiencies of 95 percent were used in the cal- 
culations. For the engine conditions shown, the fuel constnnption of 
the variable -component system was from 0,01 to 0,02 pound per - x 
jLorsBpawer-hour lower than that obtained with the system described 
in reference 2, 

Choice of fixed nozzle areas for steady -flow turbine. - The 
variation of steady -flow -turbine nozzle area 'with the ratio P^/Pm 

for the chosen blowdown-turbine nozzle area (40,8 sq in.) is ahown 



10 


NACA TN No. l44? 


in figure 8. Reference to figures 4 and 5 shows that the mean P^/Pm 
value for maximum power output varies from approximately 0.7 at sea 
level to 0.6 at an altitude of 45,000 feet. If operation at low intake- 
manifold pressures at sea level is excluded frcm consideration, it 
may be seen from figure 8 that with a steady-flow- turbine noazlo area 
approximately eq.ual to 21 square inches, the engine will operate in 
the nei^borhood of p^/p^ .values for maximum power output. 

Similarly from figures 4 and 5, the mean p^/pj^ value for mini- 
mum fuel consumption varies from approximately 1.05 at sea level to 
0.95 at an altitude of 45,000 feet. Again excluding operation at 
low intake -manifold pressures at sea level, it may be seen from fig- 
ure 8 that with a steady-flow-turbine nozzle area of approximately 
14 square inches, the engine will operate In that range of 
values for minimum specific fuel consumption. 

Thus, if operation of the composite engine in the region of maxi- 
mum power output is desired, a fixed steady-flow- turbine nozzle area of 
21 square inches should be used. If, on the other haiid, minimum spe- 
cific fuel consumption is the more important consideration, a fixed 
steady-flow- turbine nozzle area of 14 square Inches should be used. 

Turbine speeds. - The variation of the ratio of pitch-line 
velocity of the stoady-f low-turbine wheel to engine speed for maxi- 
mum turbine efficiency with the ratio P^/Pm is also shown in fig- 
ure 8. For convenience, a pair of dotted lines showing the variation 
of the ratio P^/p^ with engine operating conditions for the steady- 
flow-turbine nozzle areas of 21 and 14 square inches are superimposed 
upon the lines of steady-flow -turbine speed variation. Thus, for a 
steady -flow-turbine nozzle area of 21 square inches, the ratio of 
pitch-line velocity of the steady-flow ti^bine to engine speed for 

maximum turbine efficiency varies from 7= feet per engine revolution 

2 

at sea level for an engine speed of 2100 rpm and an intake -manifold 
pressure of 35 inches of mercury absolute to 33g feet per engine 

revolution at 45,000 feet for the same engine operating conditions. 
Because of the wide variation of the ratio of pitch-line velocity 
to eyigine speed for maximum turbine efficiency with altitude, it is 
impossible to gear the steady-flow turbine to the engine with a 
fixed gear ratio and have the turbine operate at nearly peak effi- 
ciency at all altitudes from sea level to 45,000 feet for all of 
the assumed engine operating conditions. 

If the steady -flow turbine is geared to the engine with a 
single gear ratio and required to operate at all altitudes between 
sea Level and 45,000 feet, the magnitude of the loss in turbine effi- 
ciency that will-ocour can be illustrated by the following example; 
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Assume that it is desired to operate the composite engine, having a 
steady -flow-turhine nozzle area of 21 square inches, at sea level 
and at an altitude of 45,000 feet, an engine speed of 2100 rpm, and 
an intake -manifold pressure of 50 inches of mercury absolute. If 
the gear ratio between the turbine and the engine is so chosen that 
the turbine efficiency is the same at both altitudes, the value of 
this efficiency, assuming that turbine efficiency varies parabol- 
ioally with blade -to- Jet-speed ratio, will be only 0.728 times the 
peak efficiency of the turbine. Thus if the peak turbine efficiency 
is 70 percent', the ef f iclenoy . at sea level and 45,000 feet will be 
approximately 50 percent. 

The ratio- of the pitch-line velocity of the blowdown-turbine 
wheel to engine speed required for maximum turbine efficiency is 
shown in figure 9. This ratio is a function only of p^/Pjj^, engine 

speed, and altitude, A small variation' of this speed ratio occurs 
with altitude because of the variation with altitude of tlM intake - 
manifold temperature. The variation of the ratio with 

intake -manifold pressure at each engine speed for steady-flow -turbine 
nozzle areas of 21 and 14 square inches is shown by broken lines 
that correspond to those in figure 8. For either of these steady- 
flow-turbine nozzle areas, the variation of the ratio of blowdown- 
turbine -wheel pitch-line velocity to engine speed with engine 
operating conditions is sufficiently restricted so that a fixed 
■value of gear ratio may be used between the blowdown turbine and the 
engine. For example, if gears are so chosen. that the ratio of the 
pitch-line velocity of the blowdown-turbine wheel to engine speed 
is 20 and 17 feet per engine revolution for steady-flow-turbine nozzle 
areas of 21 and 14 square inches, respectively, it was found that the 
blowdcnm -turbine power output ■was always between 92 and 100 percent 
of the power output corresponding to maximum efficiency for all con- 
ditions of engine operation. 

Effect of blowdown turbine on stresses in steady -flow turbine. - 
For an engine speed of 2730 rpm, which is the assumed emergency- 
speed rating, the pitch-line velocity of the blowdown -turbine wheel 
. for a speed ratio of 17 feet per engine revolution is only 775 feet 
per second. Because of this low pitch-line velocity, a reasonably 
sized blowdown turbine may be designed that can operate at high 
exhaust-gas temperatures without being overstressed. 

The optimum wheel speeds of the steady-flow turbine are much 
greater under some conditions than those of the blowdown turbine. 

(See fig. 8,) For this reason the steady -flow turbine cannot oper- 
ate at its optimum speed with high inlet exhaust-gas temperatures 
without being overstressed. Removal of energy from the exhaust gas 
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by the blowdcwn turbine reduces the gas temperature an average of 
about 150° F before the gas reaches the steady «f low turbine. This 
reduction in temperature Increases the allowable centrifugal stresses 
that the turbine wheel and buckets can withstand . 



Fixed -Component System 

In the preceding discussion on turbine speeds, it was shown 
that the steady-flow turbine with a fixed nozzle area could not be 
geared to the engine with a fixed gear ratio and always operate near 
peak efficiency at all altitudes be'tween sea level and 45,000 feet. 

If flight is restricted to a maximum altitude of 30,000 feet, the 
steady -flow turbine of fixed nozzle area can be geared to the engine 
with a single gear ratio and operate with an efficiency that is greater 
than 0.8 of its peak efficiency for cruise and rated -power operation 
of the engine at altitude. If the turbine efficiency is to be greater 
than 0,8 of its peak efficiency for sea-level operation, intake - 
manifold pressures must be greater than 50 inches of mercury absolute. 
In a eiystem having fixed -sized components and fixed gear ratios, 
additional losses occur at many points of operation because, except 
at a f‘ew points, a stage of supercharging must be throttled. 

As an example of the performance that may be obtained by gearing 
the steady-flow turbine of fixed nozzle area to the engine with a 
single -gear ratio, the fixed -component system incorporating a blowdown 
turbine, a steady-flow turbine, and two stages of supercharger, all 
of which are geared to the engine, is disoussed : The steady -flow 

turbine is coimected to an assumed two-speed -and -disengaged super- 
charger by means of an idler shaft. The turbine power is transmitted 
to the idler shaft through gears of 90-percent efficiency. The super- 
charger power is taken from the idler shaft through a second set of 
gears also operating at 90-porcent efficiency. Excess power is 
transmitted to the engine from the idler shaft through gears of 
95-peroent efficiency. (See fig. 10.) In order to determine the 
sources of the power losses in the fixed -component system, the loss 
in power caused by the decrease in turbine efficiency and the increased 
loss in power occurring because the auxiliary-supercharger power 
was transmitted from the steady -flow turbine through a gear train (as 
contrasted to the direct transmission of this power in the variable - 
component system) were separtely evaluated. The remainder of the 
difference between the power of the variable -component system and 
the fixed- component system was interpreted as a loss due to throttling 
of the auxiliary supercharger. 

Choice of gear ratios between components. - The system was 
analyzed for a steady-flow-turbine nozzle area of 21 square inches. 
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which corresponds to operation of the composite engine in the region 
near maximum power. For this nozzle area, the hlowdcwn turbine was 
assumed to be geared to the engine as shown in figure 11 so that the 
ratio of pitch-line velocity of the blowdown-turbine wheel to engine 
speed would be 20 feet per engine revolution. The variation of com- 
posite-engine power for high powers at sea level and cruise power at 
an altitude of 30,000 feet is shown in figure 12 as a function of 
steady-flow -turbine speed. The best poTfer output is obtained at 
different ratios of turbine speed -to engine speed at diffe3?ent 
altitudes. A compromise gear ratio may be chosen for an actual 
engine to favor the more important operating condition.] For the sub- 
sequent analysis of the fixed -component system, a gear ratio was 
chosen that produces a ratio of the pitch-line velocity of the steady- 
flow- turbine wheel to engine speed of 18 feet per engine revolution; 
this gear ratio causes approximately equal losses, in engine power 
for an intake -manifold pressure of 65 inches of mercury absolute at 
sea level and the cruise condition at on altitude of 30,000 feet. 

Gear ratios between the two-speed-and-dlsengaged auxiliary super- 
charger and the steady-flow turbine were assumed that would give • 
ratios of supercharger impeller tip speed to turbine -wheel pitch- 
line velocity of 1.6 and 1.0. The speed ratio of 1.6 was chosen to 
allow nearly full-throttle operation of the auxiliary supercharger 
at cruise and rated power operation of the composite engine at an 
altitude of 30,000 feet. The speed ratio of 1.0 was chosen to allow 
nearly full -throttle operation for rated power climb at an altitude 
of 15,000 feet. 

Performance of fixed -component system. - Tbe computed values of 
brake specific fuel consumption, brake mean effective pressure, and 
the Individual losses in con^josite engine power caused by the use of 
fixed gearing between the turbines and the engine and between the 
auxiliary supercharger and the steady-flow turbine are shown in ‘ 
table I for various conditions of engine operation. These losses 
are; (a) loss due to decreased turbine efficiency, (b) increase in 
gear lose due to the introduction of the gear system having an idler 
shaft between the steady -flow turbine and the auxiliary supercharger, 
and (c) loss caused by throttling the auxiliary supercharger, which 
Includes both the increase in supercharger work and the loss in 
engine power due to higher intake -manifold temperatures. These 
losses, in units of brake mean effective pressure, have been rounded 
off to the nearest integer or to zero. The difference in power 
between the variable -component system and the fixed -component system 
is the sum of the three losses. The ratio of auxiliary -supercharger 
impeller tip speed to steady-flow -turbine -wheel pitch-line velocity 
u^/ug used to compute the performance at each point of engine oper- 
ation is also shown in table I. 
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At the design opetating oonditions at 30,000 feet altitude; cruise 
power (an engine speed of . 2100 at>an intake -imanif old pressure of 
35 in. Hg absolute ) , and at rated power (an engine speed of 2415 rpm 
at an intake -manifold pressure of 50 in. Hg absolute), the power out- 
put wa,s decreased a maximum of 4 percent as compared with the power 
output- of the variable -component system. Larger power losses were 
Incurred at an engine speed of 2730 rpm for the take-off and for high- 
power operation at altitude because at this engine speed it was always 
necessary to throttle the auxiliary-stage supercharger. Different 
choices of speed ratio than those discussed, or a different choice 
of operating altitudes, could be made in order to favor other desired 
engine operating conditions. 


■ ■ Auxiliary-Propeller System 

At the suggestion of, Mr. John G-. Lee of United Aircraft Corpor- 
ation, calculations have been made of the perfonaance obtainable 
when a variable -pitch auxiliary propeller is used to absorb the 
excess power of the steady -flow turbine. The propeller, which is 
geared to the turbine and the auxiliary supercharger, controls the 
engine intake -manifold pressure by controlling the supercharger 
speed. This type of system is schematically shown in figure 13. 

Choice of components. - A propeller diameter of 7^ feet was 
assumed for the computation of propeller performance and the pro- 
peller efficiencies. The calculations were based on .current test 
data of a two -blade propeller at high forward speeds over a range of 
free -stream Mach numbers. In the calculation of propeller perform- 
eince, it was assumed .that the airplane velocity was 350 miles per 
hour at an altitude of 30,000 feet for a brake power output' from 
the vEiriable -comiranent system of 2800 horsepower per engine . Values 
of airplane vslaoitles at other altitudes and powers were obtained 
assuming that the velocity varied as the cube root of the quotient 
of the total power output of -the variable -component system to the 
altitude density ratio. 

The efficiencies of both the steady-flow turbine and the blow- 
down turbine were assumed to vary- parabolically with blade -to -Jet - 
speed ratio and had their maximum efficiency of 0.7 at a blade -to - 
Jet-speed ratio of 0.4, 

The computations were made for a fixed nozzle area for the 
steady-flow turbine of 14 square inches, which was previously chosen 
for engine operation in the region of-minimum specific fuel consump- 
tion. A pitch-line diameter for the steawiy-flow turbine of 13.25 inches 
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Was chosen hy scaling up the dimensions of an existing exhaust -gas 
turbine to provide the re'tulred nozzle area. A gear ratio of 10.92:1 
between the steady-flow turbine and the auxiliary propeller was 
chosen from considerations of maximum allowable turbine velocity 
and propeller speeds for good efficiency. The* blowdown turbine was 
so geared to the engine that the ratio of blowdown-turbine pitch-line 
velocity to engine speed was 17 feet . per engine revolution. 

A steady -flow turbine of the dimensions given probably will 
have a stress -limited pitch-line velocity of approximately 1200 feet 
per second. At this speed, maximum turbine efficiency occurs at a 
theoretical Jet velocity across the turbine buckets of 3000 feet per 
second. For some conditions, the maximum combined power of the tur- 
bine and the Jet -propulsion nozzle Ideally occurs at turbine -Jet 
velocities and wheel speeds higher than 3000 and 1200 feet per second, 
respectively. For these cases, the turbine-wheel speed was arbi- 
trarily limited to 1200 feet per second j the resulting small decrease 
in turbine efficiency was neglected in. the computation of the jet 
velocity across the turbine buckets. 

The speed ratios of the assumed two -speed -and -disengaged aux- 
iliary supercharger were chosen in the following manner: A high 

supercharger -te -turbine speed ratio of 1.2 was chosen to correspond 
to the greatest demand speed of the supercharger when the turbine 
was operating at maximum allowable speed. (This speed occurs at an 
altitude of 45,000 ft, an engine speed of 2100 rpm, and an engine 
intake -manifold pressure of 50 in. Hg absolute.) A lew superoharger- 
to-turblne speed ratio of 0.7 was chosen as a satisfactory compromise 
for that range of conditions where small-to -medium boost is required. 
A 15-inch-diameter impeller was selected- in order to obtain desir- 
able supercharger performance characteristics with the required air . 
flow at high powers and high altitudes. 

Power of auxilia ry -propeller system. - It is assumed that the 
blowdown turbine and”the engine -stage supercharger could be geared 
to the engine in the manner shown in figure 11 and that the power of 
the steady-flow turbine could be distributed to the auxiliary super- 
charger and propeller by means of the system of gears shown in fig- 
ure 10. The total brake power would then be given by 

Brake power = (Pi-Pf) +(Pt-Pes) Hg,! - + ^J 

V Ig , Iv ''^p ' 

( 3 ) 
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wliere . 

power required for auxiliary -stage aupercharger, (ft-lb/sec) 

P-|j shaft power of ‘blowdown tur'bisae, (ft-lb/sec) 

Pgg power required for engine-stage supercharger, (ft-lh/sec) 

Pjj, loss in engine power, due to friction, (ft-l'b/sec) 

Pj^ indicated engine power, (ft-lb/sec) 

P^ shaft power of steady-flow turbine, (ft-lb/soc) 

Pa net brake power credited to engine from jet propulsion, 

(ft-lb/seo) 

Tj„ auxiliary -propeller efficiency 

M gear efficiency, 0,85 

O 

tig gear efficiency in power transmission between turbine or 

* supercharger shaft and id-ler shaft, 0.90 

2 es&v efficiency in power transmission between idler shaftr 
^ and auxiliary-propeller shaft, 0.95 

Tjp main propeller efficiency, 0.85 

p6>rformance of auxiliary -propeller system. - The computed brake 
specific fuel consumptions and brake mean effective pressures for 
the avocillary -props Her system are listed in table II together with 
the brake, specific fuel consumptions for the variable -component sys- 
tem and the difference in brake mean effective pressure between the 
variable -component astern and the auxiliary-propeller system. The 
fixed ratio of auxiliary -supercharger impeller tip speed to steady- 
flow -turbine -wheel pitch-line velocity Ug/u^,, which was governed 
in part by turbine-speed limits, is also shown. 

¥ith the exception of one condition of engine operation, the 
specific fuel consumptions obtained with the auxiliary-propeller 
system were never more theua 5 percent greater than those obtained 
with the variable -component system. In some cases, the computed 
brake specific fuel consumption for the auxiliary-propeller system 
was lower than that obtained with the veirlable -component system. 

Where this condition occurs, the efficiency of the auxiliary propeller 
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computed from the test data and the calculated airspeed was greater 
than the average value of 0.85 assumed for the main propeller. For 
a few of the engine operating conditions shown in table II, the 
brake specific fuel consumption for the auxiliary-propeller system 
was not computed because the operating conditions for the auxlliaiy 
propeller are outside the range of the test data previously men- 
tioned. (For the particular propeller diameter and ratio of steady- 
flow-turbine speed to propeller speed chosen, the power coefficients 
of the propeller are too high.) In practice, however, operation at 
these exceptional adverse conditions may be avoided by adjusting 
the engine operating conditions so as to raise the steady-flow- 
turbine -wheel speed. One such adjustment would be to raise the intake 
manifold pressure and to lower the engine speed. For the engine 
conditions analyzed, the poor fuel economies occurred at low turbine- 
blade -to -Jet -speed ratios. If the turbine speed is raised, the blade 
to -Jet-speed ratio will be increased to a value more nearly corres- 
ponding to maximum turbine efficiency and the auxiliary-propeller 
power coefficient will be lowered into the raaage of normal operation 
of the propeller. . 

The auxllla3:y -propeller system, as compared with the 
fixed -component system, has a wider range of altitudes for which the 
high powers and the low specific fuel consumptions characteristic 
of the variable -component system are approached. The use of the 
auxiliary propeller as a variable -speed device eliminates throttling 
of the supercharger and results in a small increase in steady-flow- 
turbine efficiency. From considerations of over-all operating econ- 
omy, the increased weight of an auxiliary propeller may, however, 
offset this advantage. 


SUl’IMAEY OF RESULTS 

The following results were obtained from the analysis of the 
performance of several composite engines, each consisting of an 
internal-combustion engine, a blowdown turbine, and a steady-flow 
turbine; all excess power from the turbines above that required to 
drive a stage of supercharging was utilized in various ways for 
propulsion of the airplane; 

1. A brake specific fuel consumption of 0,336 pound per 
horsepower-hour for the variable -component system using turbine and 
supercharger efficiencies of 70 percent and a gear efficiency of 
85 percent was computed for an altitude of 30,000 feet, an intake - 
manifold pressure of 50 inches of mercury absolute, and an engine 
speed of 2100 rpm. When for the same case the efficiencies of the 
steady-flow turbine and superchargers were increased to 85 percent 
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(the efficiency of the hlowdown turbine remaining 70 percent), the 
brake specific fuel consumption was reduced to 0.303 pound per 
horsepower -hour . 

2. With a blowdown turbine in series vrith a steady -flow turbine, 
a fixed blowdown-turbine -nozzle area could be so chosen that at any 
given e:ngine speed nearly maximum power could be obtained from the 
combination of a blowdown turbine and an engine at any speed from 
2100 rpm to 2730 rpm. 

3. Two steady -flow -turbine nozzle areas could be so chosen 
that one Would cause the ratio of engine exhaust pressure to intake - 
manifold pressure to fall in the range of. maximum power output and 
the other in the range for minimum brake specific fuel consumption 
at all engine speeds and powers at altitudes from sea level to 
45,000 feet. 

4. When used in series with a steady -flow turbine, the blowdown 
turbine could be geared to the engine with a single gear ratio and 
operate between 92 and 100 percent of peak efficiency for all condi- 
tions analyzed. 

5. A fixed -component system Intended to operate in the restricted 
altitude fange from sea level to 30,000 feet was so designed that 

the performance at cruise and rated power was within 4 percent of 
that of the variable -component system. Substantial power losses due 
to supercharger throttling were incurred at high engine speed at 
emergency power rating. 

6. An auxiliary-propeller system was so designed that the per- 
formance for all powers and engine speeds analyzed was within 5 per- 
cent of that of the variable -component system for altitudes from sea 
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level to 45,000 feet. The variable«speed feature of the aiiilllary 
propeller permits elimination of throttling losses. 


Pligjit Propulsion Research Laboratory, 

National Advisory Conimlttee for Aeronautics, 
Cleveland, Ohio,- July 21, 1947. 
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AJIffiNDIX A ... . ... 


CALCII^TIOWS 

Title reciprocating-engine data are represented "by the dimension- 
less ratio <f of the indicated mean effective pressure of the engine 
to the intake -manifold pressure. The value of ^ for the engine vith 
stub exhaust stacks having no restriction is The ratio is 

shown in reference 4 to he a function of the ratio of engine exhaust 
pressure to intake -manifold pressure. 

For a given ratio of engine exhaust pressure to intake -manifold 
pressure, ^ is essentially independent of intake -manifold pressure 
and vsiries slightly with engine Speed. The variation of with 
engine speed is, however, different for different engines. The values 
of for the single -cylinder engine when operating at a constant 

intataa -manifold temperature decrease with increasing engine speeds 
above approximately 2000 rpm. On the other hand, most multioylinder 
data corrected to a constant intake -manifold temperature show that 
increases with increasing engine speed up to 2200 rpm and is sub- 
stantially constant for engine speeds between 2200 and 2600 rpm. 

The volumetric efficiency t}_ _ for both engines varied with engine 

» i 

speed in a manner similar to the variation of Because jbq and 

Tj^ Q vary with engine speed in different directions for different 

engines, an average condition was approximated by the use of a single 
faired set of values of and ^ regardless of the engine 

speed or the intake -manifold pressure. The faired values of 4o 
and Q obtained from the single- cylinder tests at an engine 
speed o^ 1700 rpm, a fuel -air xatio of 0.10, and an intake -manifold 
temperature of 540° R are shown in the following table; 


Ratio of engine exhaust pressure to engine 
Intake -manifold pressure 



0.2 

B89 

■39 

0.8 

1 1.0 


1.4 

1.6 

4n 

13.25 

13.03 

12.711 

12.12 

11.02 

9.96 

9.05 

8.28 

’'Iv.o 

fiSSS 


1.017! 

0.976 

jo . 894 

0.828 

0.778 

0.737 


The loss in 4 imposed on the reciprocating engine by the area 
restriction in the nozzles of tlae blowdown turbine l4 was deter- 
mined from figure 10 of reference 4, which shows the decrease in 4 
due to nozzle restriction in Jet stacks having S-shape bends. 























NACA TN No. lMl-7 


21 


Tile power and the air flow of the engine were assumed to vary 
inversely as the square root of the absolute dry intahe -manifold 
temperature (computed neglecting fuel vaporization). The values 
for 4o o ^ analysis were based on a standard 

total intake -maiiif old temperature T| of 540° E. 

The indicated power of the engine is then given by ■ 


P 


1 


(^Q + ^ 4 ) 


Pm ^d ^ ^s 

120 '^Ti 


and the mass flow of charge air 2^, by 


(4) 




(u , + An ) 

' ‘v,o ‘v 


Pm ^d N ^ 
120 g E T4/'^JT^ 



where 

4 ratio of indicated mean effective pressure of engine to 
intake -manifold pressure 

4q ratio of Indicated mean effective pressure of engine with 
stub stacks having no restriction to Intake -manifold 
pressure 

t^4 change in 4 ^he to stack restriction 

volumetric efficiency of engine 

^ volur’.etrio efflolehoy of engine with stub stacks having no 
^ restriction 

Aq^ change in due to stack restriction (assumed zero) 

Pjjj^ intake -manifold absolute static pressure, Ib/sq ft 
v^j displacement volume of engine, cu ft 

N e^lne speed, rpm 

T;^ intake -manifold total temperature, °E 

g acceleration of gravity, 32.2 ft/seo^ 

E gas constant for air, 53.35 ft-lb/(lb)(°E) 
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The Voss in engins power due -feo frlotlon was oomputed by 

the following equation: 


Pf = K$N)^ (6) 

where 

K constant, 1.768 x 10“^ (ft-lb)/(sec)(min^) 

The value of K corresponding to the bore, stroke, and number 
of cylinders of the engine was determined from an emperical equa- 
tion based on a large amount of test data obtained on various types 
of reciprocating engine. This engine friction power is the sum of 
the powers due to rubbing friction and the valve and gear losses 
and does not include, pumping power. 

Blowdown-turbine calculations. - The data used to calculate 
the mean exhaust -gas Jet velocity ' developed at the nozzle of 
the blowdown turbine were taken from figure 10 of reference 5. 

The shaft power of the blowdown tufbine P'jj is given by the 
equation 

■ = I IV (1+ f ) Ve^ % <’> 


where T]fg is the mean blowdown-turbine efficiency, which was 
assumed to have a maximum value of 0.7 at a blade -to- Jet -speed 
ratio of 0.4. This mean blowdown-turbine efficiency is described 
in reference 3. 

Exhaust-gas temperatures. - The power per pound of charge air 
that is available in the exhaust gases of an internal -combust ion 
engine is proportional to the quantity (1 + f) EqT' whei« Ep is 
the gas constant for .the exhaust gas and T^ is the total e:^ust- 
gas temperature measured with no work abstraction from the exhaust 
gas. The variation of the quantity (l + f) EbT^ with the ratio 
of engine -exhaust static pressure to intake -manifold pressure Pq/p,ji 
is shown in figure 14. These data, from unpublished multicylinder 
testa, are for an engine speed of 2000 rpm and an intake -manifold 
pressure of 40 inches of mercury absolute. At higher or lower 
engine power levels 
greater or slightly 
u*e 14, 


, the magnitude of (1 + f) B^Tq will be slightly 
smaller, respectively, than that shown in fig- 
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In -the region of prlnolpal interest (pg/pj^ = 0,6 to 1.2}_, the . 
value of (l + f ) EqT^ varies less than 2 percent frotn the valile 
12.11 X 10^ foot-pounds per pound, which ■vras assumed in the analysis. 
The temperature of the exhaust gas as it entered the steady-flow 
tin'hine was calculated hy subtracting the temperature drop corres- 
ponding to the work abstraction in the blowdown turbine from Tg. 

Steady -flow turbine and jet -propulsion power. - The total 
power available to drive the steady -flow turbine and for jet pro- 
pulsion depends upon the absolute static pressure and the total tem- 
perature at the exit of the blowdown turbine and the absolute ambient 
air pressure Pq. In the analysis, this static pressure and the 
total temperature were assumed equal to the total pressure pi and 
total temperature T-^ existing in the noszle box of the steady -flow 
turbine , 


Within the accuracy of the data, it is suff iolentjto assume 
that the variation of specific heat of the exhaust gas with temper- 
ature and pressure during the expansion thr-ough the steady -flow 
turbine is negligible. The. specific heat was evaluated at the tem- 
perature Tb . 


The ideal jet velocity V that would be obtained from a com- 
plete expansion through the pressure ratio P^/pq given by the 


■V^ = 2 




’'b 


-1 


SEgTb 1 


’'b-1 



( 8 ) 


where is the ratio of specific heats for exhaust gas evalu- 

ated at the themperature Tb- 


The ideal jet velocity of the gas at the nozzles of the steady- 
flow turbine Yt obtained by expandirg to the steady-flow- turbine- 
discharge static pressure p-^ - is given by the equation 

r ’'b-i 1 



= 2 8 Ee Tb 




(9) 


The shaft power of the steady-flow turbine P-t is given by 
the relation 

= I ^ ■'t^ It 


( 10 ) 
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where i[j+.. is the steady -f lew- turhlne efficiency hasod on the inlet- 
total diid discharge static pressures of the turbine. Two values of 
0.7 and 0.85, were assigned as maximum turbine efflcioncies 
occurring at a blade -to -Jet -speed ratio of 0.4. 


The total temperature at the exit of the steady-flow turbine T^ 
was calculated from the equation 


rr.t ^ 

•^b 


nt 


2 8 Ti 

M3 


(11) 


A computation showed that the average discharge losses from a 
steady-flow turbine amounted to 7 percent of the energy available 
to the turbine. It was assumed that these discharge losses could bo 
utilized for Jet propulsion w'ith'an offlcioncy of 70 percent. The 
velocity of the e3chaust-gas discharged from the Jet -propuls ion 
nozzle taking into account the temperature drop of the gas in 

passing tKr-ough the steady-flow turbine, is given by the equation 




( 12 ) 


where 'Hn d 1® s- nozzle efficiency equal t-o unity when (V^-V^*^) is 
greater tfian zero or a diffuser efficiency equal to 0.8 when 

(V^ -V^^) la less than zero. Tlie calculations were simplified by- 
assuming that the temperature ratio T^/t^ in equation (12) could 
be replaced by T^/T-^. A sample calculation for a few representative 
cases showed that the error introduced by this approximation had 
negligible effect- on the total-power of the composite engine. 


Tile net brake power that can be credited to the engine from 
Jet propulsion P. after subtracting the drag of receiving the 
inlet charge air to the engine is given by the equation 

a ^ £) 

where is the main-propeller efficiency and Vq 

plane velocity in feet per second. 


is the air- 
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For each, set of engine conditions, a value of p.j. In equation 
(9) vas BO chosen tliat the combined steady -flow turbine power and 
Jet power was a maximum. 

Supercharger calculations. - The power required for super- 
charging was calculated on the basis of the following assumptions: 

1. NACA standard air temperature and air pressure were used 
throughout the analysis except at soa level where an ambient -air 
temperature of 540° E is assumed. 

2. The supercharging of the engine -intake charge air to the 
desired intake -manifold pressiure is accomplished with two com- 
pressors driven by two turbines. 

3. The air scoop to the auxiliary supercharger operates at 
full-ram temperature and pressure. 

4. An Intercooler with an effectiveness of 50 percent is used 
between stages to decrease the temperature of the charge air 
entering the intake manifold. 

5. In order to compensate for intercooler and duct losses, a 
pressure drop of 2 inches of mercury between stages is assumed. 

6. Fuel is injected after the engine charge air has been com- 
pletely supercharged. 

The pressure r-rise and temperature -rise ratios due to ram are 
given by 

y-1 

3a_f542.Y =i + __!2__ '(14) 

^0 V Po/ 2 g K To 


total temperature and absolute total pressure at entrance 
to auxiliary supercharger, (°E and Ib/sq ft 

ambient-air temperature, °E 

ratio of specific heats for air, 1.4 


where 


T' , p' 
as as 
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The pressure and temperature rise across the auxiliary -stage 
supercharger are related by the equation 


mi 

■^Ic 


T' 

as 


T’ 

as 



(15) 


where T| and are the totaL temperature and pressure at~the 

inlet to the intercooler and tj is the supercharger temperature - 
rise efficiency. 

The assumed intercooler between stages causes a temperature 
drop in the charge air leaving the auxiliary-stage supercharger 


rni ^ m i 

ic ee 


"ic '^c 


- Tit ) 

“as 


(16) 


where T^g is the total temperature at the inlet to the engine - 
stage supercharger and is the Intercooler efficiency. 


The pressure entering the engine -stage supercharger will be 
the pressure leaving the auxiliary-stage supercharger minus a 
pressure drop of 2 inches of mercury. The intake -manifold pres- 
sure may be obtained from 



where 

p' absolute total pressure at inlet to engine-stage supercharger, 
Ib/sq ft 


q supercharger pressure -rise coefficient based on inlet total 
pressure and outlet static pressure 

D engine -stage supercharger -impeller diameter, 0,917, ft 

r gear ratio of engine -stage supercharger, 7.6 
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The total dry intake -manifold temperature is given "by 

T/ _ "1 


rpt mi _ 

■^m ~ -‘•es ~ 


/it D N ry 

V in/ 


1. ^ ~ J 

The powers necessary to drive the auxiliary-stage and the 
engine -stage superchargers are given, respectively, hy 


T, _/jt D N r 

"V 60 ~> 


'U ■ 

( 19 ) 


( 20 ) 
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iiPEENDIX B 
SYMBOLS 


All aymbols used in the text and appendix A are defined here 
in alphabetical order for convenience of reference . 


A 

D 

f 

S 

Ma 
N 
■ n 

^as 

^ee 


■J 


^t 


as 


Pb 


exhaust-stack -nozzle area, sq ft 
blowdown-turbine -nozzle area, sq ft 

engine-stage supercharger-impeller diameter, 0.917 ft 
fuel-air ratio 

acceleration of gravity, 32.2 ft/seo^ 
mass flow of charge air to engine, slugs/seo 
engine speed, rpaa 
engine speed, rps 

power required for auxiliary-stage supercharger, f't-lb/soo 
shaft power of blowdown turbine, ft -lb /sec 
power required for engine -stage supercharger, ft-lb/soc 
loss in engine power due to friction, ft-lb/sec 
indicated engine power, ft-lb/sec 

net bre^lce power credited to engine from Jot propulsion, 
ft -lb /se o ^ 


Pi shaft power of steady -flow turbine, ft-lb/sec 


absolute total pressure at entrance to auxiliary super- 
ohe,rger,- Ib/sq ft 

absolute total pressure at entrance of steady -flow turbine 
(assumed equal to static pressure at exit; of- blowdown 
turbine), Ib/sq ft 

absolute static pressure of exhaust gas leaving engine, 
Ib/sq ft 
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P' 

■^es 


Pio 

Pm 

Po 


E 

E- 


T' 

ae 

n 




^ee 

Tic 

T' 

m 




n 

"a 

«t 


absolute total pressure at inlet to engine -stage supercharger, 
Ib/sq ft 

absolute total pressure at inlet to intercooler, Ib/sq ft 

intake -manifold absolute static pressure, Ib/sq ft , 

absolute ambient-air pressure, Ib/sq ft 

absolute static pressure at exit of steady-flow turbine, 

Ib/sq ft 

supercharger pressure -rise coefficient based on inlet total 
pressqre and outlet static pressure 

gas constant for air, 53.35 ft-lb/(lb) (°F) 

gas constant for exhaust gas, ft-lb/(lb)(°F) 

gear ratio of engine -stage supercharger, 7.6 

total temperature at entrance to auxiliary .supercharger, 

total temperature at entrance of steady-flow turbine (assumed 
equal to total temperature at exit of blowdown turbine), °E 

total temperature of exhaust gas leaving engine, °E 

total temperature at inlet to engine -stage supercharger, °E 

total temperature at inlet to intercooler, °E 

total temperature in intake manifold, °E 

ambient lair -.temperature, °E 

standard total tempe.rature (for these computations taken as . 
540° R in intake manifold), °E 

Static temperature at exit of steady -flow turbine, °E 

total temperature at exit of steady-flow turbine, °R 

auxiliary-supercharger impeller tip speed, ft /sec 

pitch-line velocity of steady-flow-turbine wheel, ft/sec 
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ideal jet velocity corresponding to total paver avallaTale to 
drive steady-flow turbine and for Jet propulsion, ft/sec 

mean exhaust -gas Jet-^eloclty developed at nozzles of blow- 
down turbine, ft /sec 


airplane velocity, ft/sec 


^t 

^d 

r 

?'b 

Vp 

% 

\ 

’lie 


Tlv 


*v,o 


ideal jet velocity of~gas at nozzles of steady-flcw turbine, 
ft /sec 

displacerceiit volume of engine, cu ft 

ratio of specific heats for air, 1.4 , 

ratio of specific heats for exhaust gas at exit of blowdown 
turbine ■ 

supercharger temperature -rise efficiency 
auxiliary -propeller efficiency 
mean blowdown -turbine efficiency 
gear efficiency, 0,85 

gear efficiency in power traasmiBslon between turbine or 
"supercharger shaft and idler shaft, 0.90 

gear efficiency in power transmission between idler shaft and 
auxiliary -props Her sliaft,,0.95 

intercooler efficiency, 0.50 . 

nozzle and diffuser efficiency 

Biain propeller efficiency, 0.85 

steady -flow-turbine efficiency 

volumetric efficiency of- engine 

volumetric efficiency of engine with stub stacks having no 
restriction 




4 


ratio of Indicated mean effective pressure of engine to intake- 
_ manifold pressure 
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ratio of indicated mean effective preeeure of engine with. 

stub exhaust stacks having no restriction to intake -manifold 
pressure 

AP change in net power of engine and "blowdown turbine, ft-lh/sec 

change in due to stack restriction (assumed zero in this 

analysis) 

^4 change in 4 <^ue to stack restriction 
A$ - 4P 

Pm ^d ^ 

2 

REPESENGSS 

1. Puffer, S, E., and Alford, J. S. : The Gas Turbine in Aviation. 

Meoh. Eng., vol. 67, no. 12, Dec. 1945, pp, 803-812, 

2. Bannum, Eichard W., and Zimmerman, Eichard H. : Calculations of 

the Economy of an 18-Cyllnder Eadial Aircraft Engine with an 
Exhaust-Gas Turbine Geared to the Crankshaft at Cruising Speed. 
MCA AEE No. E5K28, 1945. 

3. Turner, L. Eichard, and Desmon, Leland G. : Performance of an 

Exhaust-Gas "Blowdown" Turbine on a Nine-Cylinder Eadial Engine. 
NAGA ACE No. E4E30, 1944. 

4. Turner, L. Eichard, and Humble, Leroy V.: ^The Effect nf Exhaust- 

Stack Shape on the Design and Performance of the Individual 
Cylinder Exhaust -Gas Jet -Propulsion System. NACA AEE, Nov. 1942. 

5. Pinkel, Benjamin, Turner, L. Eichard, and Yoss, Fred; Design of 

Nozzles for the Individual Cylinder Exhaust Jet Propulsion 
System. MCA ACE, April 1941. 



o' (B 


32 


■ ■ - .. .... ; NACA'M.No. 1447 

TABLE I - BEBFCSEMANCE OF FIXED-COMPOMNT SYSTEM AND 
INDIVIDUAL POWEE LOSSES THAT MAKE UP DIFFEBENCE IN 
POWER I® TWEEN VARIABLE -COMPONENT AND 
• FIXED-COMPONENT SYSTEMS 

[Computations made for steady-f lov-turMne nozzle 
area equal to 21 square Inches (nozzle 
area for maximum power)-] 




Altitude Engine 
(ft) speed 

Intake - 
manifold 

Performance 


(rpm) 

pre Bsure 

(in^ Hg 
abs. ) 

bsf c 

(Ib/hp-hi’) 

bmep 

(ib/sq in. ) 


2100 

50 

0.370 

274 



65 

.364 

362 

Sea 

2415 

50 

0.381 

257 

level 


65 

.375 

337 


2730 

50 

0.398 

238 



65 

.393 

309 


2100 

35 

0.396 

197 



50 

.369 

283 


2415 

35 

0.396 

181 

15,000 


50 

.362 

287 


2730 


0.391 

.379 

183 

261 


2100 

35 

0.365 

209 



50 



30,000 

2415 

35 

0.379 

190 



50 

.361 

266 


“27i0 

35 

0.575 

192 



50 

.389 

250 



Loss due to decreased turbine efficiency. 

Increase, in gear loss due to use of gear system with idler shaft-;- 
°Loss caused by tlirottllng auxiliary supercharger. 


National Advisory Committee 
for Aeronautics 
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TIBLE II - COMPARISON OP NET BRAKE 5PECIPIC FUEL CONSUMPTION AND POWH? OP AUXILIARY-PROPELLER 

SYSTEM WITU THAT OBTAINED BY VARIABLE-COMPONENT SYSTEM 

(conqiiutatioas made for a nozzle area of eteady-flow turbine equal to 14 square 
inches (nozzle area for minimum fuel consumption}^ 


Altitude Engine Intake- bsfo of boep of 

(ft) speed manifold auxiliary- auxlllary- 

(rpm) pressure propeller propeller 

(in. Hg system system 

abs.) (Ib/hp-hr) (Ib/sq in. 


propeller propeller 
system system 
(Ib/hp-hr) (Ib/sq in.) 


bsfc of variable- bmep of variable- 
component system component system 


(Ib/^p-hr) 


minus bmep of 
auxiliary-propeller 
sys tern 

(Ib/sq in.) 



2100 

35 

50 

0.398 

Sea 

2415 

35 

0.413 

level 


50 

.368 


2730 

35 

0.437 



50 

.383 


2100 

35 

0.362 



50 

.351 


2415 

35 


15,000 


50 

0.549 


2730 

35 

0.383 



60 

.365 


2100 

35 

0.357 

30,000 


50 

.347 


2415 

35 

50 

0.355 

.551 


2730 

35 

0.370 



50 



2100 

35 

50 

0.363 

.352 


2415 

35 

0.364 

45,000 


50 

.354 


2730 

35 





50 

0.364 


0.399 

.363 

1 0 

0.415 

0 0 

.371 

-1 0 

0.435 

11 0 

.385 

-1 0 

0.364 

0 • 0.7 

.348 

3 .7 

0.370 


.351 

' -1 .7 

0.384 

-1 0 

-.358 

5 .7 

0.349 

6 

.337 

9 1.2 

0,354 

0 07T 

.340 

12 1.2 

0.363 

2 1.2 

.346 


0.345 

•330 

11 1.2 

11 1.2 

0,550 

7 1.2 

.340 

11 1.2 

0.360 


.347 

12 1.2 
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Exhaust'*gas flow 
Intake charge-air flour 









Figure I. - Schematic diagram of varlabie-^coAponent aystem composed of biowdown and steady-flow 

turbines connected to engine through gear trains. 
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figure 3. - Variation of cyl inder^head tenperature with exhaust-atack nozzia area for constant cool*- 
ing conditions. Single-cylinder-engine data; intake-manifold pressure, 30 inches mercury absolute; 
' exhaust pressure, 24 inches mercury absolute; fuel-air ratio, 0.08. 
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(b) Altitude, ie,000 feet. 

Figure 4. > Continued. Net brake mean effective pressure and brake 

specific fuei consumption of variable-component system for various in- 
take-manifold pressures and engine speeds. Fuel-air ratio, 0.067; 
turbine and supercharger efficiencies, 70 percent; gear efficiencies, 
85 percent. 
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(d) Altltud*. 48,000 feet. 

Figure 4. - Concluded. Net brake mean effective pressure and brake 

specific fuel consumption of variable-component system for various In- 
take-manifold pressures and engine speeds. Fuel-air ratio, 0.067; 
turbine and supercharger efficiencies, 70 percent; gear efficiencies, 
85 percent. 
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Intakt-Hsanifeld 
prcasurCf 
(In. 1% absoluta) 


Bnslna tp«ad« H 
(rpm) 


Zntaka-nanifold 

pr#8tur«« 

(in. Bs absolute) 


5 


& 


t 

I •** 


Ratio of total prcacura at Inlat of ataafli-flow turbino to Intaka-manlfold 

ppoasuro, Pj/P^ 

(a) Altltuda. aaa levsl. 

Figure 5. *■ Net brake mean effective pressure and brake specific fuel 
consumption of variable-component system for various Intake-manifold 
pressures and engine speeds. SI ng I e-cy M nder-engi ne data; fuel-air 
ratio, 0.067; blowdown-turbi ne efficiency, 70 percent; steady-flow 
turbine and supercharger efficiencies, 65 percent; gear efficiencies 
95 percent. 
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specific fuel consumption of variable- component system for various in- 
take-manifold pressures and engine speeds. Single-cyi inder-engine 
data; fuel-air ratio, 0.067; blowdown-turbi ne efficiency, 70 percent; 
steady-flow turbine and supercharger efficiencies, 85 percent; gear 
efficiencies, 95 percent. 
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(o) AltttuiSs. 30,000 feet. 

Figure 5. > Continued. Net brake mean effective pressure and brake 
specific fuel consumption of varl ab I e- component system for various in- 
take*man i fo I d pressures and engine speeds. Single-cylinder-engine 
data; fuel-air ratio, 0.067; blowdown- turbine efficiency, 70 percent; 
steady-flow turbine and supercharger efficiencies, 86 percent; gear 
efficiencies, 95 percent. 



Ket brake specif le fuel coosuuptlon. Ib/hp-hr Het bruke mean effeetlee pressure. Ib/sq Id 
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Cd) Altitude, 45,000 feet. 

Figure 5 . * Concluded. Net brake mean effective pressure and brake 
specific fuel consumption of variable-component system for various in- 
take-manifold pressures and engine speeds. Single-cylinder-engine 
data; fuel-air ratio, 0.067; blowdown-turbi ne efficiency, 70 percent; 
steady-flow turbine and supercharger efficiencies, 85 percent; gear 
efficiencies, 95 percent. 
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X 



Figure 6. - Variation of power of components of variable-component 
system with altitude. Singie-cyi inder-engine data; intake-manifold 
pressure, 35 inches mercury absolute; btowdown-turbi ne discharge 
pressure, 35 inches mercury absolute; engine speed, 2100 rpm; turbine 
and supercharger efficiencies, 70 percent. 









Figure 1 . - Comparison of net brake specific fuel consumption obtained with variable-component system 
to that obtained with system composed of steady-flow turbine as described in reference 2. intake- 
manifold pressure, 40 inches mercury absolute; engine speed, 2000 rpm; fuel-air ratio, 0.063; blow- 
down-tgrbine efficiency, 70 percent; steady-flow turbine and supercharger efficiencies, 85 percent; 
gear efficiencies, 95 percent. 
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bine for various intake-manifold pressures and engine speeds. Single- 


cjrl inde r- engine data. 











Steady-flow-tnrbine nozzle area, eij in 
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(o) Altitude, 30,000 feet. 

Figure 8, - Continued. Optimum speed and requi red nozzle area of 
steady-flow turbine for various intake-manifold pressures and engine 
speeds. Si ng I e-cy 1 1 nder-engi ne data. 
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Figure 8. - Concluded. Optimum speed and required nozzle area of 
steady-flow turbine for various intake-manifold pressures and engine 
speeds. Single-cylinder-engine data. 
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(a) Steady-flow-turblne nozsle area for maximum power (SI square In.l. 

Figure 9. - Optimum speed of blowdown turbine for fixed steady-flow- 

turbine nozzle area. 
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. > Concluded. Optimum speed of blowdown turbine for fixed 
steady-ftow>turbine nozzle area. 
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To engine In fixed-component system 
n H 


a 



To auxiliary 
propeller in auxiliary- 
propeller system 


Steady— flew tvirbine 
wheel 


Gear efficiency in power 
transmission from gear C 
to gear D and from gear E 
to gear F = 90 percent 


G’eair efficiency in power 
transmission from gesir G 
to gear H ■» 95 percent 


Figure 10. - Schematic diagram of method of gearing auxi i i ary-stage 
supercharger and steady- fiow turbine for fixed-component system or 
auxi I iary-propel ier system. 




Figure II. - Schematic diagram of method of gearing blowdown turbine 
and engine-stage supercharger to engine. 






Horsepower 


(b) Altitude* sea level; engine speed* 2730 rpm; intake 
manifold pressure* 50 inches meroury absolute* 

“I 1 1 1 1 1 1 1 1 1 1 1 1 1 


1600] 


5 10 IS 20 25 so 

Ratio of pitch-line velocity of steady-flow-turblne wheel 
to engine speed* ft/revolution 


(e) Altitude* 30*000 feet; engine speed* 2100 rpm; intake- 
manifold pressure* 35 inches meroury absolute* 

Figure 12. - Variation of power of composite engine with steady-flow 
turbine speed. Single-cylinder-engine data; turbine and supercharger 
efficiencies* 70 percent. 







Ratio of engine-exhaust static pressure to Intake-sanlfold pressure, Pe/Pm 


Figure 14. - Variation of M + f ) RgTJ with exhaust pressure and fuel-air ratio. 18-cy I i nder mult 
cylinder-engine data; Intake-manifold pressure, 40 inches mercury absolute; engine speed, 2000 r 



